Introduction
============

Nitric oxide (NO), generated by the inducible NO synthase (iNOS), performs a wide variety of physiological and pathophysiological functions. Aberrant iNOS expression has a critical role in various inflammatory diseases such as rheumatoid arthritis,^[@bib1]^ asthma,^[@bib2]^ septic shock^[@bib3]^ and inflammatory bowel disease.^[@bib4]^ It is also known that the induction of iNOS and NO production is the essential step for the pathogenesis of type 1 diabetes.^[@bib5],\ [@bib6]^ Excess NO causes aberrant mitochondrial metabolism, protein modification and DNA cleavage, any one of which could lead to impaired insulin secretion and β-cell death.^[@bib7]^ It has been proposed that the activation of the nuclear factor κB (NF-κB) pathway and/or the Janus kinase (JAK) signal transducer and activator of transcription (STAT) pathway is important for the induction of iNOS synthesis.^[@bib8],\ [@bib9]^ It can therefore be inferred that blockage of any of the NF-κB and JAK-STAT activation pathways would be useful in preventing the death or dysfunction of β cells.

We have recently reported that SPA0355 inhibits the inflammatory responses in an animal experimental model of arthritis by suppressing the NF-κB pathway.^[@bib10]^ This suggests that SPA0355 may be effective for treating other types of NF-κB-related inflammatory diseases. We therefore examined the effects of this compound on the pathogenesis of type 1 diabetes. More specifically, we investigated the effects of SPA0355 on cytokine-induced NF-κB and JAK-STAT activation in cultured insulinoma cells and isolated islets. We further investigated whether type 1 diabetes was suppressed and whether the functional β-cell mass was preserved with intraperitoneal administration of SPA0355 in spontaneous autoimmune non-obese diabetic (NOD) mice.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Rat pancreatic β-cell lines (RINm5F cells) were acquired from the American Type Culture Collection (Manassas, VA, USA). Interleukin-1β (IL-1β) and interferon-γ (IFN-γ) were obtained from R&D Systems (Minneapolis, MN, USA). All reagents were from Sigma-Aldrich (St Louis, MO, USA), unless otherwise noted.

Mice
----

Female NOD (H-2g7) and NOD/severe combined immunodeficient (SCID) mice were purchased from the Jackson Lab (Bar Harbor, ME, USA). The mice were housed in a laminar flow cabinet and maintained on standard laboratory chow *ad libitum*. All the animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 2011). This study protocol was approved by the Institutional Animal Care and Use Committee of Chonbuk National University.

Preparation of SPA0355
----------------------

SPA0355 (1-methyl-3-\[4-(2-phenoxazin-10-ylethoxy)phenyl\]thiourea) was prepared as previously described.^[@bib10]^

MTT assay for cell viability
----------------------------

The viability of cultured cells was determined using the reduction of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide to formazan. RINm5F cells were seeded overnight in clear, flat-bottomed 96-well tissue culture plates at 10^5^ cells per well in 100 μl of medium. The cells were pre-treated with SPA0355 for 3 h, and IL-1β (1 U ml^--1^) and IFN-γ (100 U ml^--1^) were added for an additional 48 h. The cells were washed twice with phosphate-buffered saline and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide was added (100 μg/100 μl phosphate-buffered saline). After incubation at 37 °C for 1 h, 100 μl dimethylsulphoxide was added to dissolve the formazan crystals, and the absorbance was measured at 570 nm.

NO measurement
--------------

Biologically produced NO is rapidly oxidized to nitrite and nitrate in aqueous solutions. NO production was measured as nitrite concentration in cell-free culture supernatants using a colorimetric assay. Briefly, 5 × 10^6^ RINm5F cells or 30 islets were pre-treated with the indicated concentrations of SPA0355 for 3 h before the addition of IL-1β (1 U ml^--1^) and IFN-γ (100 U ml^--1^). After 24 h, 100 μl aliquots of the culture supernatant were incubated at room temperature for 5 min with 100 μl of modified Griess reagent with a 1:1 mixture of 1% sulfanilamide in 30% acetic acid and 0.1% *N*-(1-naphthyl) ethylenediamine dihydrochloride in 60% acetic acid, and the absorbance was measured at 540 nm. The NO concentration was determined using a linear standard curve of serial dilutions of sodium nitrite in a working medium.

Western blot analysis
---------------------

Cells or islets were homogenized in 100 μl of ice-cold lysis buffer (20 m[M]{.smallcaps} Hepes \[pH 7.2\], 1% Triton X-100, 10% glycerol, 1 m[M]{.smallcaps} phenylmethylsulfonyl fluoride, 10 μg ml^--1^ leupeptin and 10 μg ml^--1^ aprotinin), and 20 μg of protein was separated using sodium dodecyl sulfate--polyacrylamide gel electrophoresis before transfer to nitrocellulose membranes. The blots were probed with primary antibodies (1 μg ml^--1^) against p50, p65, IκBα, suppressor of cytokine signaling (SOCS)-1, SOCS-3, iNOS, proliferating cell nuclear antigen and β-actin (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA) or IκB kinase-α (IKKα), IKKβ, p-IKKα, p-IKKβ, STAT-1, STAT-3, p-STAT-1 and p-STAT-3 (all from Cell Signaling, Beverly, MA, USA). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Santa Cruz Biotechnology) was used as a secondary antibody.

RNA isolation and real-time reverse transcriptase-PCR
-----------------------------------------------------

RNA was isolated from RINm5F cells or islets using Trizol (Invitrogen, Carlsbad, CA, USA), precipitated with isopropanol and dissolved in diethylpyrocarbonate-treated distilled water. Total RNA (2 μg) was treated with RNase-free DNase (Invitrogen), and first-strand complementary DNA was generated using a random hexamer primer with a first-strand complementary DNA synthesis kit (Applied Biosystems, Foster City, CA, USA). Specific primers for iNOS were designed using primer express software (Applied Biosystems): iNOS (accession no. NM_012611) forward, 5′-TGTGCTAATGCGGAAGGTCAT-3′, and iNOS reverse, 5′-CGACTTTCCTGTCTCAGTAGCAAA-3′. Control 18S ribosomal RNA was purchased from Applied Biosystems and used as the invariant control. The real-time reverse transcriptase-PCR mixtures consisted of 10 ng of reverse transcribed total RNA, 167 nmol l^--1^ forward and reverse primers, and 2 × PCR master mix in a final volume of 10 μl. The reactions were carried out in 384-well plates using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems).

Preparation of cytosolic and nuclear protein extracts
-----------------------------------------------------

Cells or islets were washed with phosphate-buffered saline and lysed in CytoBuster Protein Extraction Buffer (Novagen, Madison, WI, USA). The lysate was centrifuged at 10 000 × *g* for 5 min at 4 °C, and the supernatant was used as the whole-cell protein extract. Cytoplasmic and nuclear extracts were prepared from cells using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL, USA).

Electrophoretic mobility shift assay
------------------------------------

Nuclear extracts prepared from the cells or islets were incubated in a proteinase inhibitor cocktail (Calbiochem, San Diego, CA, USA) to inhibit endogenous protease activity. An oligonucleotide containing the κ-chain binding site (5′-CCGGTTAACAGAGGGGGCTTTCCGAG-3′) was synthesized and used as a probe in a gel retardation assay. The two complementary strands were then annealed and labeled with α-^32^PdCTP. Labeled oligonucleotides (10 000 counts per minute), 10 μg of nuclear extracts and binding buffer (10 m[M]{.smallcaps} Tris--HCl \[pH 7.6\], 500 m[M]{.smallcaps} KCl, 10 m[M]{.smallcaps} EDTA, 50% glycerol, 100 ng poly\[dI·dC\] and 1 m[M]{.smallcaps} dithiothreitol) were then incubated for 30 min at room temperature in a final volume of 20 μl. Next, the reaction mixtures were analyzed by electrophoresis on 4% polyacrylamide gels in a 0.5 × Tris-borate buffer, and the gels were dried and examined using autoradiography. The specificity of the DNA--protein interaction for NF-κB was confirmed via competition assays using a 50-fold excess of unlabeled oligonucleotide.

Isolation of islets and determination of their viability
--------------------------------------------------------

Pancreatic islets were isolated from male Sprague--Dawley rats (Orientbio, Seoul, Korea) using the collagenase digestion method. The viability of the islets was evaluated as described previously^[@bib11]^ and was determined by hematoxylin and eosin staining and labeling of anti-insulin antibodies (Santa Cruz Biochemicals, Santa Cruz, CA, USA). Apoptosis was determined using the APOPercentage apoptosis assay kit (Biocolor Ltd., Belfast, Ireland).

Glucose-stimulated insulin secretion assay
------------------------------------------

Islets were cultured for 24 h with IL-1β (1 U ml^--1^) and IFN-γ (100 U ml^--1^) in the presence or absence of SPA0355 and subsequently washed three times in Krebs--Ringer bicarbonate buffer (25 m[M]{.smallcaps} Hepes \[pH 7.4\], 115 mmol l^--1^ NaCl, 24 mmol l^--1^ NaHCO~3~, 5 mmol l^--1^ KCl, 1 mmol l^--1^ MgCl~2~, 2.5 mmol l^--1^ CaCl~2~ and 0.1% bovine serum albumin) containing 2.8 mmol l^--1^ [D]{.smallcaps}-glucose. Insulin secretion assays were performed with 2.8 or 16.7 mmol l^--1^ [D]{.smallcaps}-glucose and measured using an ELISA kit (Millipore, Bedford, MA, USA).

Adoptive transfer experiments
-----------------------------

Eight-week-old NOD/SCID female mice were divided into two groups (*n*=10 per group), and the mice were injected intraperitoneally at 2-day intervals with SPA0355 (1 mg kg^--1^) or corn oil for the entire experimental period. For disease transfer, 1 × 10^7^ freshly isolated splenocytes from diabetic NOD mice were intravenously injected into NOD/SCID mice that were pre-treated with SPA0355 or vehicle for 6 days. Diabetes development was determined by measurement of blood glucose levels (over 300 mg dl^--1^). Blood glucose was assayed using a glucometer (Roche, Mannheim, Germany). To determine the effect of SPA0355 on macrophage activation, we performed separate experiment with three mice per group, and the mice were killed 10 days after adoptive transfer.

Flow cytometry
--------------

For cell surface protein staining, cells were removed from spleens and incubated with fluorescein isothiocyanate-conjugated anti-CD80 and allophycocyanin (APC) anti-F4/80 antibodies. Subsequently, the cells were washed and fixed with 4% formaldehyde for 20 min at room temperature and analyzed. For intracellular cytokine analysis of tumor necrosis factor-α, splenic cells (1 × 10^6^ cells ml^--1^) were stimulated for 4 h with 10 ng ml^--1^ phorbol myristate acetate and ionomycin (1 μ[M]{.smallcaps}) in the presence of brefeldin A (10 μg ml^--1^) to block cytokine secretion and facilitate intracellular accumulation. The antibodies used were fluorescein isothiocyanate-conjugated anti-tumor necrosis factor-α antibody and phycoerythrin-conjugated anti-CD4 antibody. Stained cells were evaluated by flow cytometry analysis using an Accuri flow cytometer (BD Biosciences, San Jose, CA, USA). All antibodies and recombinant cytokines were purchased from eBioscience (San Diego, CA, USA).

The induction of type 1 diabetes in NOD mice
--------------------------------------------

Eight-week old female NOD mice were intraperitoneally injected with SPA0355 (1 mg kg^--1^) or corn oil at 2-day intervals. Diabetes development was determined by weekly measurement of blood glucose levels (\>300 mg dl^--1^ was considered diabetic). Blood glucose was assayed using a glucometer (Roche). Surviving mice were killed at the age of 33 weeks, and pancreata were removed. For insulitis assessment, pancreata were fixed in 10% formalin and embedded in paraffin. Sections (7 μm thickness) were cut at 100 μm intervals to prevent counting the same islet twice. Two sections per pancreas were stained with hematoxylin and eosin and analyzed by light microscopy. Insulitis was scored according to the following criteria: 'severe\' (⩾50% of the islet area infiltrated), 'mild\' (\<50% of the islet area infiltrated), 'peri-insulitis\' (infiltration restricted to the islet periphery) and 'no insulitis\' (absence of cell infiltration).

Immunohistochemistry
--------------------

Immunohistochemical staining was performed with the DAKO Envision system (DAKO, Carpinteria, CA, USA), and dextran polymers conjugated with horseradish peroxidase were used to avoid contamination with endogenous biotin. Pancreata were removed and subsequently placed in fixative (10% formalin solution in 0.1 mol l^--1^ phosphate-buffered saline). Histological sections (4 μm) were cut from formalin-fixed, paraffin-embedded tissue blocks. After deparaffinization, the tissue sections were treated using a microwave antigen retrieval procedure in 0.01 mol l^--1^ sodium citrate buffer. The activity of endogenous peroxidase was blocked. Then, the sections were incubated with serum-free protein block (DAKO) to block nonspecific staining and subsequently incubated with anti-insulin antibodies (Santa Cruz Biochemicals). Peroxidase activity was detected with 3-amino-9-ethyl carbazole.

Statistical analysis
--------------------

Statistical analysis was performed using analysis of variance and Duncan\'s tests. A *P*-value of \<0.05 was considered statistically significant.

Results
=======

Effects of SPA0355 on cytokine-mediated cell death and iNOS expression in RINm5F cells
--------------------------------------------------------------------------------------

To determine the β-cell protective effects of SPA0355, we first examined the efficacy of this compound in protecting RINm5F cells from cytokine toxicity. The results showed that cell viability was significantly reduced to 53.4±5.9% compared with the control following treatment with cytokines ([Figure 1a](#fig1){ref-type="fig"}). The viability of cytokine-treated RINm5F cells was increased in a concentration-dependent manner following pre-treatment with SPA0355. However, the cell viability remained unchanged during treatment with SPA0355 alone.

NO production and iNOS expression were subsequently evaluated. At 24 h, nitrite was generated at concentrations of 6.9±0.3 μ[M]{.smallcaps} and 20±0.3 μ[M]{.smallcaps} from control and cytokine-treated RINm5F cells, respectively ([Figure 1b](#fig1){ref-type="fig"}). Moreover, the levels of iNOS mRNA and protein were also increased following treatment with cytokines. However, following pre-treatment with SPA0355, the degree of NO production and the levels of iNOS mRNA and protein were decreased in a concentration-dependent manner.

Effects of SPA0355 on cytokine-induced NF-κB activation in RINm5F cells
-----------------------------------------------------------------------

We examined the effects of SPA0355 on cytokine-stimulated NF-κB activation. In cytokine-treated RINm5F cells, there was an increase in the DNA-binding ability of the NF-κB subunit ([Figure 2a](#fig2){ref-type="fig"}) and a decrease in the protein level of inhibitory factor of NF-κB (IκB)-α in the cytosol ([Figure 2b](#fig2){ref-type="fig"}), both of which were markedly suppressed following treatment with SPA0355. We also examined the effects of SPA0355 on IKK activation, which is an essential process for the phosphorylation and degradation of IκB. The results showed that SPA0355 had no effect on the levels of IKKα and IKKβ however, it suppressed the cytokine-induced phosphorylation of IKKα and IKKβ ([Figure 2b](#fig2){ref-type="fig"}). These results suggest that SPA0355 inhibits NF-κB activation by reducing IKK activities, thus preventing iNOS expression.

Effects of SPA0355 on cytokine-induced JAK-STAT activation in RINm5F cells
--------------------------------------------------------------------------

It has been reported that cytokine-elicited JAK-STAT signaling pathways are involved in cytokine-induced iNOS expression.^[@bib8]^ Furthermore, it has also been proposed that STAT activation is specifically involved in IFN-γ-mediated cytotoxicity in β cells.^[@bib12]^ We therefore examined the effects of SPA0355 on cytokine-induced STAT activation in RINm5F cells. The results showed that the degree of the phosphorylation of STAT-1 and STAT-3 was increased within 30 min following treatment with cytokines ([Figure 3a](#fig3){ref-type="fig"}). Moreover, cytokines also induced nuclear translocation of STAT-1 and STAT-3 proteins ([Figure 3b](#fig3){ref-type="fig"}). However, following pre-treatment with SPA0355, cytokine-induced phosphorylation and nuclear translocation of STAT proteins was attenuated.

Some studies have indicated that the overexpression of SOCS-1^13^ or SOCS-3^14,15^ in pancreatic β cells exerts a protective effect against cytokine toxicity by blocking both the NF-κB and JAK-STAT signaling pathways. We therefore examined whether SOCS-1 and SOCS-3 are involved in our experimental system. We found that both SOCS-1 and SOCS-3 were downregulated in RINm5F cells after a 1-h incubation with cytokines ([Figure 3a](#fig3){ref-type="fig"}). However, following pre-treatment with SPA0355, the protein levels of SOCS-1 and SOCS-3 were restored compared with the control. These results indicate that suppression of the JAK-STAT pathway is partially responsible for the SPA0355-induced inhibition of cytokine-induced iNOS expression and subsequent cell death.

Effects of SPA0355 on cytokine-induced damage to islets
-------------------------------------------------------

We further examined the protective effects of SPA0355 using pancreatic islets isolated from Sprague--Dawley rats. Consistent with the results obtained with RINm5F cells, the degree of cytokine-induced NO production and iNOS expression were reduced to levels similar to those of the control following pre-treatment with SPA0355 ([Figure 4a](#fig4){ref-type="fig"}). In addition, following pre-treatment with SPA0355, cytokine-induced NF-κB activation ([Figure 4b](#fig4){ref-type="fig"}) and STAT phosphorylation were efficiently blocked ([Figure 4c](#fig4){ref-type="fig"}).

In the current experimental study, SPA0355 consistently suppressed the cytokine-mediated NF-κB and JAK-STAT pathways, and treatment with SPA0355 resulted in increased islet viability. Upon treatment with cytokines, islets were damaged and weak insulin immunoreactivity was noted ([Figure 5A (c and g)](#fig5){ref-type="fig"}). However, following pre-treatment with SPA0355, the effect of cytokines on the islets was blocked. In addition, there were no significant differences with respect to morphological characteristics between control and pre-treated islets based on hematoxylin and eosin staining and immunohistochemistry. The islets had a well-defined margin, a round shape and strong insulin immunoreactivity ([Figure 5A (c and h)](#fig5){ref-type="fig"}). These histopathological findings were confirmed using apoptotic staining. Following pre-treatment with SPA0355, the effect of cytokines was blocked, which caused increased resistance to cytokine-induced apoptosis ([Figure 5A (l)](#fig5){ref-type="fig"}). To obtain functional data, we examined the efficacy of SPA0355 in preventing cytokine-induced impairment of insulin secretion ([Figure 5B](#fig5){ref-type="fig"}). We assayed basal and glucose-stimulated insulin secretion after cytokine exposure. The results showed that the amount of glucose-stimulated insulin secretion was 32.72±0.6 ng mg protein^--1^ h^--1^ in control islets and 17.90±0.1 ng mg protein^--1^ h^--1^ in cytokine-treated islets. However, following pre-treatment with SPA0355, the degree of cytokine-impaired insulin secretion was restored to a level similar to that of the control. Basal insulin release among the groups was similar.

Effects of SPA0355 on diabetes development in NOD mice
------------------------------------------------------

Finally, we examined the efficacy of SPA0355 in inhibiting diabetes in NOD mice. To accomplish this, we began injecting NOD mice with SPA0355 before the onset of diabetes (at the age of 8 weeks). In the untreated NOD mice, diabetes occurred beginning at week 13 ([Figure 6a](#fig6){ref-type="fig"}). At the age of 33 weeks, 80% of NOD mice became diabetic, and 50% of diabetic mice developed a severe insulitis ([Figure 6b](#fig6){ref-type="fig"}). However, in the SPA0355-treated group, 35% of NOD mice developed diabetes and had a slower course of disease progression with less severe insulitis.

The anti-diabetic effect of SPA0355 in a model of type 1 diabetes was further investigated via adoptive transfer experiments in NOD/SCID mice. Adoptive transfer of splenocytes from diabetic NOD mice induced diabetes in NOD/SCID mice (100%), and SPA0355 treatment reduced the incidence of diabetes to 60% ([Figure 7a](#fig7){ref-type="fig"}). To address the mechanism of action of SPA0355 in type 1 diabetes, the activation state of macrophages was determined by CD80 expression and tumor necrosis factor-α (a hallmark cytokine of macrophage activation) production in splenocytes. As shown in [Figure 7b](#fig7){ref-type="fig"}, SPA0355 treatment inhibited both macrophage activation and tumor necrosis factor-α production. These results indicate that SPA0355 attenuates spontaneous diabetes mellitus in the NOD mouse model of type 1 diabetes via suppression of macrophage activation.

Discussion
==========

The current experimental study was conducted to clarify the potential effects of SPA0355, a thiourea derivative, on the development of type 1 diabetes and to determine its molecular mechanism in an experimental model of cytokine- and auto-reactive T-cell-induced damage to pancreatic β cells. Our results show that SPA0355 suppresses cytokine-induced activation of the NF-κB and JAK-STAT signaling pathways and preserves the functional β-cell mass. In addition, SPA0355 attenuates type 1 diabetes development in NOD mice.

Pancreatic β-cell destruction is one of the histopathologic features that are commonly encountered at the onset of type 1 diabetes, and it results from direct contact with islet-infiltrating macrophages and T lymphocytes and/or exposure to their inflammatory products, such as free radicals and cytokines.^[@bib16]^ Therefore, any interventions allowing for the preservation of β-cell mass may be novel therapeutic strategies for delaying the progress of type 1 diabetes. Our earlier study indicated that SPA0355 is a small molecule inhibitor of NF-κB that has strong anti-inflammatory effects.^[@bib10]^ We therefore selected SPA0355 for this study, and we hypothesized that it may have beneficial effects on the survival and/or function of islets.

Several lines of evidence suggest a central role for NF-κB in the pathogenesis of type 1 diabetes. NF-κB induces multiple pro-inflammatory genes that can contribute to β-cell destruction.^[@bib6]^ Several therapeutic attempts at preserving β-cell mass have therefore targeted the NF-κB signaling pathway. Specifically, experimental diabetes models have demonstrated the effectiveness of suppressors of the NF-κB signaling pathway, such as peptide inhibitor of IKK,^[@bib17]^ IκBα super-repressor,^[@bib9]^ A20^[@bib18]^ and flavonoids.^[@bib19],\ [@bib20],\ [@bib21]^ Our previous study demonstrating the inactivation of NF-κB by SIRT1 also followed this strategy.^[@bib22]^ Of the NF-κB signaling molecules, the canonical IKKs are considered the most promising targets in the NF-κB pathway because they are not involved in the activation of any other pathways aside from NF-κB.^[@bib23]^ Thus, we examined the efficacy of SPA0355 in triggering IκBα degradation via IKK. Our results showed that SPA0355 decreased the degradation of IκBα in cytokine-treated RINm5F cells, which was evidenced by the levels of phosphorylated IKKα and IKKβ. Of note, there were no changes in the IKKα/β protein levels following treatment with SPA0355. Little is known about the exact mechanisms by which SPA0355 suppresses cytokine-induced IKK phosphorylation. However, our results suggest that inhibition of the IKK complex may be a possible mechanism by which SPA0355 suppresses NF-κB translocation and its action site may be located upstream of IKKα/β.

As NF-κB and STAT are synergistically involved in the regulation of iNOS expression,^[@bib8],\ [@bib9]^ we analyzed the effects of SPA0355 on the JAK-STAT pathway in RINm5F cells and islets. Our results show that SPA0355 suppressed cytokine-induced phosphorylation and nuclear translocation of the STAT-1 protein. By using specific pharmacologic inhibitors, Blanchette *et al.*^[@bib24]^ suggested that JAK2/STAT-1 and extracellular signal-regulated kinase-1/2-dependent pathways were the main factors involved in IFN-γ-inducible iNOS expression. In the JAK-STAT-1 pathway, the expression of IFN-γ regulatory factor-1 is also activated through binding to IFN-γ-stimulated response elements and interaction with NF-κB sites in the iNOS promoter, which would augment IL-1β-induced iNOS expression.^[@bib25],\ [@bib26]^ It has been reported that genetically engineered mice deficient in STAT-1 are completely resistant to IL-1β+IFN-γ-mediated β-cell death *in vitro* and partially resistant to immune destruction of β cells *in vivo*.^[@bib27]^ Selective inhibition of the JAK-STAT pathway protects β cells from cytokine toxicity^[@bib11]^ and prevents the development of insulitis and diabetes in NOD mice.^[@bib28]^ Therefore, the suppressive effect of SPA0355 on the activation and nuclear translocation of STAT-1 might contribute to the inhibition of cytokine-induced iNOS expression, β-cell death and islet dysfunction. Of note, SPA0355 also inhibited the activation of STAT-3, another member of the STAT family, which was generally present under baseline conditions to a varying extent.^[@bib29]^ The molecular basis of SPA0355-induced STAT-3 inhibition is not clear. However, our results are in agreement with previous reports showing that IFN-γ activates STAT-3 in RINm5F cells.^[@bib30],\ [@bib31]^

STAT proteins are negatively regulated by SOCS proteins. Our results showed that the expression levels of SOCS-1 and SOCS-3 were decreased by cytokine treatment and subsequently restored to levels similar to that of the control following pre-treatment with SPA0355. There was a strong inverse correlation between the degree of STAT expression and that of SOCS proteins. In other words, upon overexpression of SOCS-1, IFN-γ-induced STAT-1 activation and the cytotoxic effects of STAT on β cells are inhibited.^[@bib13]^ SOCS-3 can inhibit not only IL-1β- and IFN-γ-induced apoptosis but also NO production through a direct interaction with JAK in INS-1 cells and primary β cells.^[@bib15],\ [@bib32]^ Moreover, SOCS-3 also inhibits IL-1β signaling and gene regulation, at least in part, through inhibition of NF-κB signaling.^[@bib14]^ Through self-regulation by the JAK-STAT pathway, SOCS-1 and SOCS-3 define negative feedback loops controlling iNOS expression in response to cytokines.

SPA0355 not only protected RINm5F cells and rat islets against cytokine toxicity but also prevented the occurrence of autoimmune diabetes. SPA0355 protected NOD mice from diabetes development by reducing insulitis. In addition, an adoptive transfer experiment using NOD/SCID mice demonstrated that SPA0355 suppresses macrophage activation *in vivo*, suggesting an immunomodulatory effect of SPA0355. Previous studies have reported that macrophages have a critical role in type 1 diabetes, and macrophage depletion or inhibition of macrophage activation prevents diabetes development.^[@bib19],\ [@bib33],\ [@bib34]^ On the basis of our findings in this study, it is possible that SPA0355 inhibits macrophage activation and/or function via manipulation of multiple signaling pathways, including NF-κB and JAK-STAT. As many immune cell types infiltrate the islets of Langerhans and are involved in the destruction of β cells, further studies are needed to examine whether SPA0355 exerts a direct effect on macrophages.

To summarize, we have demonstrated that SPA0355 effectively protects β cells from cytokine-induced injury *in vitro*, thereby suppressing the occurrence of type 1 diabetes in response to autoimmune attack *in vivo*. Moreover, we showed a direct correlation between the effectiveness of SPA0355 and the activity of its biochemical target. SPA0355 was well tolerated at the given dose with no evidence of drug toxicity. In addition, our previous *in vivo* study showed that SPA0355 caused no damage to visceral organs such as the heart, liver and kidney of mice.^[@bib10]^ It can therefore be concluded that SPA0355 may be a future therapeutic option that can prevent the destruction of β cells both in the early stages of diabetes onset and after islet transplantation.
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![SPA0355 prevents cytokine-induced cell death in RINm5F cells. RINm5F cells were pre-treated with the indicated concentrations of SPA0355 for 3 h, and interleukin-1β (IL-1β) and interferon-γ (IFN-γ) were added. (**a**) Following a 48-h incubation, cell viability was determined using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. (**b**) Following a 24-h incubation, the level of nitrite production and the degree of the expression of inducible nitric oxide synthase (iNOS) mRNA and protein were determined. Each value is the mean±s.e.m. of three independent experiments (*n*=9). ^\*\*^*P*\<0.01 vs untreated control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 vs cytokine treatment.](emm2013109f1){#fig1}

![SPA0355 inhibits cytokine-induced nuclear factor κB (NF-κB) activation in RINm5F cells. RINm5F cells were pre-treated with the indicated concentrations of SPA0355 for 3 h, and interleukin-1β (IL-1β) and interferon-γ (IFN-γ) were added for 30 min. (**a**) NF-κB-DNA binding was analyzed by electrophoretic mobility shift assay (EMSA). (**b**) IκB kinase (IKK) phosphorylation and IκBα degradation in the cytosol and nuclear translocation of p65 and p50 were determined by western blotting. β-Actin and proliferating cell nuclear antigen (PCNA) were used as loading controls for cytosolic and nuclear proteins, respectively. The data are representative of three separate experiments.](emm2013109f2){#fig2}

![SPA0355 inhibits cytokine-induced Janus kinase (JAK)-signal transducer and activator of transcription (STAT) activation in RINm5F cells. RINm5F cells were pre-treated with the indicated concentrations of SPA0355 for 3 h, and interleukin-1β (IL-1β) and interferon-γ (IFN-γ) were subsequently added for 30 min. (**a**) Whole-cell lysates were recovered, and protein levels of suppressor of cytokine signaling (SOCSs), p-STATs and STATs were detected by western blotting. (**b**) Nuclear fractions were recovered, and translocation of STAT proteins to the nucleus was detected by western blotting. The data are representative of three separate experiments.](emm2013109f3){#fig3}

![SPA0355 inhibits cytokine-induced activation of the nuclear factor κB (NF-κB) and Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathways in islets. Rat islets were treated with interleukin-1β (IL-1β) and interferon-γ (IFN-γ) with or without 3-h pre-treatment with 40 μ[M]{.smallcaps} SPA0355. (**a**) Nitrite production and inducible nitric oxide synthase (iNOS) mRNA and protein expression levels were determined after 24 h. NF-κB-DNA binding (**b**) and STAT phosphorylation (**c**) were determined after 30 min of incubation. The results obtained with triplicate samples are expressed as the mean±s.e.m. (*n*=9). ^\*\*^*P*\<0.01 vs untreated control; ^\#\#^*P*\<0.01 vs cytokine treatment.](emm2013109f4){#fig4}

![SPA0355 preserves glucose-stimulated insulin secretion in rat islets. (**A**) Rat islets were treated with interleukin-1β (IL-1β) and interferon-γ (IFN-γ) with or without a 3-h pre-treatment with 40 μ[M]{.smallcaps} SPA0355. Following a 48-h incubation, the islets were stained with hematoxylin and eosin (H&E) or labeled using anti-insulin antibodies and subsequently examined by microscopy. Apoptosis was evaluated using the APOPercentage apoptosis assay kit. Apoptotic islets appeared bright pink and are expressed as a percentage of total islets. (**B**) Glucose-stimulated insulin secretion was quantified by enzyme-linked immunosorbent assay (ELISA) and normalized to total protein content. The results obtained with triplicate samples are expressed as the mean±s.e.m. (*n*=9). ^\*\*^*P*\<0.01 vs untreated control; ^\#\#^*P*\<0.01 vs cytokine treatment.](emm2013109f5){#fig5}

![SPA0355 attenuates diabetes development in non-obese diabetic (NOD) mice. Female NOD mice were injected intraperitoneally at 2-day intervals with SPA0355 (1 mg kg^--1^) or corn oil (*n*=20, each group). Diabetes development was determined by measurement of blood glucose levels (over 300 mg dl^--1^). (**a**) The percentage of diabetic mice is shown. (**b**) Pancreata were isolated from surviving mice at the age of 33 weeks, and pancreas sections were counterstained with hematoxylin and eosin (H&E) or labeled with insulin antibody. Insulitis was scored as described in the Materials and methods section.](emm2013109f6){#fig6}

![SPA0355 attenuates diabetes development in non-obese diabetic (NOD)/severe combined immunodeficient (SCID) mice. NOD/SCID mice were intraperitoneally injected with SPA0355 or vehicle at 2-day intervals. After 6 days, splenocytes (1 × 10^7^ cells per mouse) from diabetic NOD mice were adoptively transferred to NOD/SCID mice to induce type 1 diabetes. After adoptive transfer, the treatments were maintained until the end of the experiments. (**a**) The incidence of diabetes was evaluated (*n*=10, each group). (**b**) Splenocytes from vehicle-treated or SPA0355-treated mice (*n*=3, each group) were isolated and analyzed for macrophage activation. The level of CD80 expression is shown as the mean fluorescence intensity (MFI), and tumor necrosis factor-α (TNF-α) production is shown as the percentage of TNF-α producing cells in splenocytes. The results are expressed as the mean±s.e.m. \**P*\<0.05 vs vehicle group.](emm2013109f7){#fig7}
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